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Abstract: Background: Increasing evidence suggests that inflammation inside the vessel wall has a
prominent role in atherosclerosis. In carotid atherosclerosis in particular, vulnerable plaque
characteristics are strongly linked to an increased stroke risk. An association between leukocytes
and plaque characteristics has not been investigated before and could help with gaining knowledge
on the role of inflammation in plaque vulnerability, which could contribute to a new target for
intervention. In this study, we investigated the association of the leukocyte count with carotid
vulnerable plaque characteristics. Methods: All patients from the Plaque At RISK (PARISK) study
whom had complete data on their leukocyte count and CTA- and MRI-based plaque characteristics
were included. Univariable logistic regression was used to detect associations of the leukocyte count
with the separate plaque characteristics (intra-plaque haemorrhage (IPH), lipid-rich-necrotic core
(LRNC), thin or ruptured fibrous cap (TRFC), plaque ulceration and plaque calcifications).
Subsequently, other known risk factors for stroke were included as covariates in a multivariable
logistic regression model. Results: 161 patients were eligible for inclusion in this study. Forty-six
(28.6%) of these patients were female with a mean age of 70 [IQR 64-74]. An association was found
between a higher leukocyte count and lower prevalence of LRNC (OR 0.818 (95% CI 0.687-0.975))
while adjusting for covariates. No associations were found between the leucocyte count and the
presence of IPH, TRFC, plaque ulceration or calcifications. Conclusions: The leukocyte count is
inversely associated with the presence of LRNC in the atherosclerotic carotid plaque in patients
with a recently symptomatic carotid stenosis. The exact role of leukocytes and inflammation in
plaque vulnerability deserves further attention.
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1. Introduction

Internal carotid artery stenosis (ICAS) is the known cause of stroke in approximately
15% of ischemic stroke patients [1]. More importantly, ICAS is the cause of recurrent
stroke in 37% of all patients that suffer from recurrent stroke [2]. In the last decade,
imaging-based research on carotid atherosclerotic plaques has identified certain plaque
components and morphological characteristics of the plaque that strongly relate to
increased risks of stroke and recurrent stroke [3,4]. As such, the presence of intra-plaque
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hemorrhage (IPH), a large lipid rich necrotic core (LRNC), and a thin or ruptured fibrous
cap (TRFC) all appeared to be significant predictors for ischemic stroke on the ipsilateral
side of ICAS [3]. Of these vulnerable plaque characteristics, IPH and TRFC show the
highest risk for first or recurrent ischemic stroke [5]. For carotid plaque calcifications,
conflicting results are shown, with no clear results in the role in stroke prediction [6].

In recent years, the topic of inflammation has gained much interest in the etiological
framework of atherosclerosis. In particular, the inflow of leukocytes into the vessel wall
[7], which target encapsulated cholesterol, may, in a substantial number of patients, result
in a second auto-immune reaction that encompasses the activation of a surplus of
macrophages after the endothelial damage has occurred. This activation causes
phagocytosis of necrotic cells and damaged cells within the vessel wall [7]. It is thought
that this second auto-immune reaction can be one of the causes of plaque vulnerability
and subsequent ischemic stroke. Recently, a higher risk of restenosis, after an initial
carotid endarterectomy, was shown for patients with higher inflammatory markers [8]. In
this study, they investigated several ratios for monocytes, neutrophils, lymphocytes and
platelets [8]. Furthermore, both the femoral and carotid arteries were compared through
plaque analyses obtained during endarterectomies of femoral or carotid arteries. A higher
influence for local inflammation was seen in samples of the carotid plaques through
single-cell mapping and comparing to femoral plaques [9]. These recent studies both
underline a potential role for (local) inflammation in ICAS.

To our knowledge, no research has been performed to investigate a potential
association between leukocyte count and (vulnerable) plaque characteristics in ICAS,
while there is a role for leukocytes in the initiation of atherosclerosis itself. The aim of this
study, which is a sub-study of the Plaque At RISK study (PARISK), is to investigate if
there is such an association between each plaque characteristic individually with the
leukocyte count in patients with a symptomatic ICAS of <70% [10]. The PARISK main
paper showed that IPH and the total plaque volume can predict recurrent ipsilateral
ischemic stroke in patients with ICAS <70% with hazard ratios of 2.12 (95% CI, 1.02—4.44)
and 1.07 (1.00-1.15) (per 100 pL increase in volume), respectively [11]. The PARISK main
paper emphasizes the high risk that is associated with IPH. The present sub-study could
potentially help the further individualization of risk prediction in ICAS patients and a
potential better risk model. We hypothesize that an increase in leukocyte count is related
to the presence of vulnerable plaque characteristics, out of the hypothesis that
inflammatory active plaques are more vulnerable. This inflammatory activity could be
reflected in a high leukocyte count and the presence of vulnerable plaque characteristics.

2. Materials and Methods
2.1. Setting

Patients for this sub-study were derived from the Plaque At RISK (PARISK) study, a
diagnostic multicenter cohort study carried out in four academic medical centers in the
Netherlands between September 2010 and December 2014. In the PARISK study, patients
with an ischemic neurological event in the last three months before inclusion having
ipsilateral ICAS < 70% were included. The following exclusion criteria were used in
PARISK: any contraindication for MRI or MRI contrast, a clotting disorder, a likely cardiac
source of the neurological event, patients in which surgical intervention of the carotid
stenosis was planned or performed or patients with multiple comorbidities.

These patients underwent carotid magnetic resonance imaging (MRI) and
multidetector-row computed tomography angiography (MDCTA) to assess vulnerable
plaque characteristics and general plaque properties. The focus of this sub-study is the
association of the individual plaque characteristics, i.e., the presence of IPH, LRNC, TRFC,
plaque ulcerations or plaque calcifications (as assessed in PARISK) and leukocyte count.
An example of the individual plaque characteristics on CT/MRI can be found in Figure 1,
as was published in another PARISK paper [12].
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Figure 1. (A) Axial view of a 3D T1-weighted fast spoiled gradient echo MR image showing a high-
intense signal (asterisk) indicative of intraplaque hemorrhage. (B) Axial view of a carotid plaque
depicted with 3D T1-weighted pre-contrast quadruple inversion recovery MR, which is delineated
to measure different plaque components. The part surrounded with a yellow line is a lipid-rich
necrotic core. (C) CTA image showing several calcifications (arrow heads) in a carotid plaque of the
ICA. (D) CTA image with contrast material reaching into a carotid plaque (arrow head), which
indicates plaque ulceration. (E) Post-contrast T1-weighted fast spin echo MR image, which shows
an interrupted signal (arrow head) between the lipid-rich necrotic core (asterisk) and the lumen of
the ICA. (F) The orange arrow in this 3D T1-weighted pre-contrast quadruple inversion recovery
MR image represents the maximum vessel wall area of this carotid plaque. CCA = common carotid
artery, ECA = external carotid artery, and ICA = internal carotid artery. These images and legends
were previously published by Van Dam-Nolen et al. as part of another PARISK paper [12].

Ethical approval was acquired before the start of this study, and all patients signed
informed consent before inclusion in PARISK.

2.2. Assessment of Leukocyte Count

Blood leukocytes determined within two weeks from ischemic stroke or TIA onset
were post hoc collected in the PARISK patients. Patients with leukocyte count 250 x 10%/L
were excluded, since this hyperleukocytosis could only be explained by a malignancy.
Only if data regarding (vulnerable) plaque characteristics and leukocyte count were
available were patients eligible for inclusion in this sub-study.

2.3. Assessment of Carotid Atherosclerosis

Plaque characteristics were assessed as described in the PARISK protocol [10]. The
plaque assessment was performed by blinded assessors and according to PARISK study
protocol. In brief, all ipsilateral (symptomatic) carotid arteries were assessed for the
presence, and size or volume, of (vulnerable) plaque characteristics. Specifically, for the
assessment of IPH, LRNC, TRFC and plaque calcifications, MRI scans were used. For the
assessment of plaque ulceration, CTA scans were evaluated.
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2.4. Assessment of Covariables

Cardiovascular risk factors were assessed using interviews (age, current smoking,
medical history of hypertension, hypercholesterolemia, ischemic heart disease or
peripheral artery disease, medicine use), sex, kind of event (amaurosis fugax, TIA or
ischemic stroke) and physical examination (weight and length). Ischemic heart disease
was defined as a clinical diagnosis of myocardial infarction, angina pectoris, or coronary
artery bypass grafting or stenting. Peripheral artery disease was defined as typical
intermittent claudication complaints or peripheral vascular surgery or amputation
because of ischemia. Hypercholesterolemia was defined as a serum total cholesterol of
>5.0 mmol/L or the use of lipid-lowering drugs. Body mass index was calculated as the
square of length (meters) divided by weight. Age in years at baseline was used. Smoking
was scored if the patient reported to smoke during baseline visit. A stroke was defined as
TIA if all the symptoms disappeared within 24 h.

2.5. Statistical Analyses

We investigated the association of leukocyte count with carotid plaque characteristics
using the following strategy. First, univariable logistic regression was used to evaluate the
association between the leukocyte count and the separate plaque characteristics (IPH,
LRNC, TREC, plaque ulceration or plaque calcifications). Additionally, we investigated
the association for all the covariates individually described above and the plaque
characteristics. Second, multivariable logistic regression models were run to investigate
the association of the leukocyte count with the separate plaque characteristics, while
adjusting for the covariates. The covariates were based on an expert opinion and assumed
pathophysiology, since it is unknown which factors could predict the presence of these
vulnerable plaque characteristics. SPSS (v26, IBM) was used for the statistical analyses.

3. Results
3.1. Study Population

Between September 2010 and December 2014, 244 patients were included in the
PARISK study, and in 238 of these patients, plaque imaging has been performed. Out of
these 238 patients, 161 were eligible for inclusion in this sub-study. In all of the 67
excluded patients, no usable leukocyte count was available. Forty-six patients were female
(28.6%), and the median age was 70 (interquartile range [IQR] 64-74). Seventy-six (47.2%)
patients suffered from ischemic stroke, seventy-two (44.7%) from a TIA and thirteen
(8.1%) from amaurosis fugax. The mean leukocyte count was 7.36 x 10%L (standard
deviation [SD] 2.20). IPH was present in 61 (37.9%) patients. LRNC was found in 101
(62.7%), and TRFC was present in 65 (40.4%) of the patients. A calcified plaque was found
in 148 (91.9%) of the patients. Finally, an ulcerated plaque was determined in 35 (25.7%)
patients. The other baseline characteristics are presented in Table 1, and the imaging
biomarkers in Table 2.

Table 1. Baseline characteristics—median values with interquartile range (IQR), means with
standard deviation (SD) or number with percentage when appropriate.

Number of Included Patients 161
Baseline Characteristics
Age, years (median [IQR]) 70.00 [64.00, 74.00]
Women (%) 46 (28.6)

Classification event (%)

TIA (%) 72/161 (44.7)

Stroke (%) 76/161 (47.2)

Amaurosis fugax (%) 13/161 (8.1)

Hypercholesterolemia (%) 81/158 (51.3)
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Hypertension (%)

98/161 (60.9

~—

Diabetes mellitus (%)

35/161 (21.7

~

History of TIA or ischemic stroke (%)

43/161(26.7

~—

History of ischemic heart disease (%)

28/161 (17.4

History of peripheral artery disease (%)

17/161 (10.6

~ |~ |~

38/161 (23.6
26.72/158 (4.11)

Current smoking (%)
Body mass index (BMI), kg/m? (mean (SD))

Use of cholesterol lowering medication (%) 74/160 (46.2)
Use of antihypertensive drugs (%) 91/161 (56.5)
Use of anti-platelets (%) 60/160(37.5)
Use of anticoagulants (%) 3/161 (1.9)
Leukocyte count
Leukocyte count x 10%/L (mean (SD)) 7.36 (2.20)

Time interval between index event and leukocyte count

1. .00—4.
measurement, days (median [IQR]) 00 [0.00-4.00]

Table 2. Imaging biomarkers —number/total number of patients with percentage of total.

Imaging Biomarkers

Intra-plaque hemorrhage (IPH) (%)
Lipid-rich-necrotic core (LRNC) (%)
Thin or ruptured fibrous cap (TRFC) (%)
Ulcerated plaque (%)

61/161 (37.9)
101/161 (62.7)
65/161 (40.4)
35/136 (25.7)
148/161 (91.9)

Plaque calcifications (%)

3.2. Leukocyte Count and Plaque Characteristics

In the univariable regression analyses, we found that higher leukocyte counts were
associated with a lower prevalence of LRNC (OR 0.859 (95%CI 0.738-1.000) (p = 0.049), but
no association was found with the other plaque characteristics (see Table 3). Out of the
other variables that were used for univariate regression analyses with LRNC, sex showed
a significant association with a p-value of 0.002. An overview of the other univariate
regression analyses can be found in Table 4.

Table 3. Univariate logistic regression analyses for leukocyte count and individual vulnerable
plaque characteristics.

Leukocytes and Plaque Characteristic OR 95% CI p-Value
IPH 0.910 0.778-1.065 0.242
LRNC 0.859 0.738-1.000 0.049
TRFC 0.891 0.760-1.043 0.152
Plaque ulceration 1.008 0.850-1.195 0.931
Plaque calcifications 1.257 0.888-1.779 0.196
Table 4. Univariate logistic regression for LRNC and several baseline variables.
Variable and LRNC OR 95% CI p-Value
BMI 0.934  0.862-1.012 0.094
Age (year) 0986  0.946-1.028 0.522
Smoking (current) 1.189 0.555-2.549 0.656
Sex (female) 0.323  0.159-0.655 0.002
Hypertension 1.055  0.548-2.032 0.873
Hypercholesterolemia 1.143  0.601-2.175 0.684
Type of event (ischemic stroke or TIA/amaurosis fugax) 1428  0.749-2.721 0.279
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3.3. Multivariable Regression

When multivariable logistic regression for LRNC was performed, with the inclusion
of BMI, age, current smoking, sex, hypertension, hypercholesterolemia and the kind of
ischemic event as covariates, the association between the leukocyte count and LRNC
remained statistically significant with an odds ratio (OR) of 0.818 (95% CI 0.687-0.975, p =
0.025). The complete results of the multivariable regression analysis can be found in Table
5.

Table 5. Multivariate logistic regression analysis for LRNC with leukocyte count, corrected for other
variables.

p-Value OR 95% CI
BMI 0.096 0.926 0.846-1.014
Age (year) 0.805 1.006 0.959-1.055
Smoking (current) 0.270 1.699 0.663—4.355
Sex (female) 0.001 0.252 0.114-0.556
Hypertension 0.848 0.927 0.430-2.002
Hypercholesterolemia 0.826 1.091 0.502-2.368
Variety of event (1schem1c stroke 0217 1593 0.761-3.337

or TIA/amaurosis fugax)

Leukocyte count 0.025 0.818 0.687-0.975

4. Discussion

The precise role for inflammation in plaque vulnerability remains enigmatic. This
sub-study in the PARISK study shows an independent inverse association between an
increase in leukocyte count (within fourteen days after the ischemic event) and the
presence of LRNC on plaque MRI in the sub-acute moment after an ischemic event in
patients with symptomatic ICAS <70%. This finding is not in line with the current
hypothesis on the vulnerable plaque. However, to our understanding, this is the first
study that investigated the possible association between leukocyte count and vulnerable
plaque characteristics.

Since the beginning of this millennium, many papers have been published regarding
plaque vulnerability and the specific vulnerable plaque characteristics on MRI in the
carotid plaque. Some of these plaque characteristics were associated with a higher risk for
either recurrent or first stroke [5,13]. Gupta et al. published one of the first systematic
reviews on ischemic stroke risk for some of these vulnerable plaque characteristics with a
meta-analysis that showed an OR for ischemic stroke or TIA combined for IPH of 4.59
(95% CI 2.91-7.24), 3.00 (95% CI 1.51-5-95) for LRNC and 5.93 (95% CI 2.65-13.20) for
TRFC [13]. Recently, Schindler et al. reported a hazard ratio (HR) of 11.0 for IPH
specifically for ipsilateral stroke [5]. These high OR/HR fueled the interest in researching
the potential role of inflammation by investigating leukocytes and plaque characteristics.

For a long time, inflammation has been regarded a key factor in the initiation and
progression of atherosclerosis. Yet, recently studies focusing on treatment of this
inflammatory reaction have published their results [14-16]. In the Canakinumab Anti-
Inflammatory Thrombosis Outcomes Study (CANTOS), patients with recent myocardial
infarction and elevated high sensitivity C-reactive protein were randomized between
several doses of canakinumab (a monoclonal antibody against interleukin-1p3) and a
placebo. They showed a HR of 0.85 (95% CI 0.74-0.98) with p = 0.021 for the combined
cardiovascular outcome measure (recurrent myocardial infarction, ischemic stroke or
other cardiovascular death) [15]. Similar to CANTOS, in the low-dose colchicine for
secondary prevention of cardiovascular disease 2 (LoDoCo-2 trial), they tried to reduce
the recurrent myocardial infarction, ischemic stroke and other vascular deaths, but with
0.5 g colchicine once daily in patients with chronic coronary disease. They found a HR of
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0.69 (95% CI 0.57-0.83) with p < 0.001 for the primary outcome [16]. In contrast to
canakinumab, colchicine is an old and inexpensive drug that has been used for a long time
in the treatment of gout. These studies show promising results for the treatment of
inflammation in cardiovascular diseases.

All these studies were performed in patients after myocardial infarction. In stroke
patients, the COlchiciNe for prevention of Vascular Inflammation in Non-CardioEmbolic
stroke (CONVINCE) trial is currently including patients with recent non-cardio embolic
TIA or ischemic stroke. In CONVINCE, the patients are randomized between standard
stroke treatment or standard treatment plus low dose colchicine [17]. It will nonetheless
take several more years before these results are published.

Even though the studies mentioned above showed a treatment effect towards the
prevention of recurrent cerebrovascular events in general and most evidently in a
decrease of ischemic stroke cases, no evident blood biomarkers for recurrent stroke have
been identified. However, recently, the lipoprotein lipidomics of HDL, LDL and VLDL
were used to predict plaque vulnerability and thus (indirectly) stroke risk [18]. The
leukocyte count could be considered as a potential biomarker, since we found an inverse
association between the leukocyte count as determined in the sub-acute moment and
LRNC. However, the found association was the opposite of what was hypothesized, with
a lower prevalence for LRNC in ICAS when a higher leukocyte count is found. The role
of leukocytes in predicting recurrent cardiovascular events should be tested in the future.

A potential explanation for the inverse relation that was found is the general nature
of the leukocyte count as a mix of several types of leukocytes. Fani et al. recently
investigated the association between blood immunity markers, both from the innate and
adaptive immune system, and vulnerable plaque characteristics in the Rotterdam Study
[19]. The Rotterdam Study is a prospective population-based cohort study that started in
1989. Fani et al. used 1602 patients with subclinical carotid atherosclerotic diseases. They
found that the leukocytes that are part of the innate immune system (macrophages,
granulocytes and platelets) were associated with larger plaques and greater plaque
thickness, and that the monocyte-to-lymphocyte ratio was associated with a higher
incidence of LRNC. On the other hand, the lymphocytes were associated with smaller
carotid plaques and a lower prevalence of IPH. This could be an important reason to assess
the leukocyte differential count and calculate the ratios used in their study and make a
distinction between the innate and the adaptive immune system in future research. In the
investigated setting of the presented study, this association shows the opposite relation as
expected, and this could be due to a higher proportion of lymphocytes in the researched
population. This could, however, not be investigated, since only the leukocyte count was
available.

This study has some limitations. Firstly, the relatively low number of patients
included in the analyses. This was mainly due to the fact that this sub-study was not
planned when the study was designed and so leukocyte counts were not available in all
patients.

Secondly, there is a risk of confounding because of a possibly higher leukocyte count
through necrotic brain tissue after the ischemic event. Correcting for this potential
confounder was difficult, since NIH Stroke Scale scores (NIHSS) were not available for
the included patients. Nonetheless, in this patient population, the estimated effect will
probably be minimal, because more than half of the patients suffered from a TIA or
amaurosis fugax; and only minor stroke patients could be included (modified Rankin
scale <3). In these patients, the volume of necrotic brain tissue is generally low, and thus
the effect on leukocyte count. Finally, the last limitation of our study is the cross-sectional
study design. Due to this study design, we were only able to show the present associations
and were unable to investigate the prediction of stroke risk.

The strengths of this study are evident as well. PARISK was a prospective, well-
defined, diagnostic cohort study with very complete baseline data. Moreover, it was
performed in Dutch comprehensive stroke centers with large experience and specific



J. Clin. Med. 2023, 12, 1370

8 of 12

expertise in MRI plaque imaging. The first strength of this study is the state of the art MR
imaging and MDCTA that were performed in these patients [10]. Both imaging modalities
used in this sub-study have shown high specificity and sensitivity for detecting the
vulnerable plaque characteristics they are used for, and so create high quality data [20-
22].

Secondly, the patients included in PARISK all suffer from mild to moderate carotid
stenosis, with a minimum of 30% measured with ECST criteria. This is the range in which
prior research on ICAS showed the least benefit of revascularization through carotid
endarterectomy or carotid stenting [23,24]. The investigated patient population could,
therefore, be the group in which carotid revascularization is not performed, and thus be
of great interest in the prevention of recurrent stroke. Potentially, patients in which the
cause of stroke is stated to be cryptogenic, could be caused by vulnerable plaques in the
carotid artery, but with a percentage stenosis <50%. Since these patients were included in
the PARISK study, it could give a more accurate depiction of the actual situation within
the overall patient population at risk of stroke out of ICAS. This is a valuable inclusion
criterion of PARISK.

The final strength of this study is the use of leukocytes that were determined within
two weeks around the ischemic event. With a median of one day (IQR 0.00—4.00), it
decreases the risk of confounding due to necrotic brain (or eye) tissue. Furthermore, this
sub-acute leukocyte count could be a valuable and easy to detect value of the general
inflammatory activity within these patients, possibly before the occurrence of the ischemic
event as well. This hypothesis deserves future attention.

As stated above, this sub-study found an association between the leukocyte count
and LRNC. The direction of the relation is opposite from what was expected. This could
be due to an increase in the inflammatory cell count because of the cytokines that are
excreted and on the plaque surface that is in contact with the streaming blood. These
cytokines could increase the production of leukocytes. It could be hypothesized that
plaques that excrete more cytokines are in another phase of plaque progression, and thus
have less LRNC compared to plaques that show LRNC more frequently and, in parallel,
these patients could show less circulatory leukocytes. This statement is highly
hypothetical and deserves further attention in future research, both in clinical as in more
translational or fundamental research. At least it could be established that more research
into inflammatory biomarkers seems a feasible, but unexplored research field and is
highly needed.

Another interesting finding is the negative association between female sex and LRNC
in the multivariate logistic regression. It has been shown before that women suffer from
auto-immune diseases more frequently, while cardiovascular diseases and atherosclerosis
are associated with the male sex [25,26]. Recently, van Dam-Nolen et al. performed a meta-
analysis and showed a higher prevalence for all plaque characteristics in males compared
to women [27]. The biological or pathophysiological basis for the difference remains
unknown, but the hormonal differences during life are thought to be the cause of the
difference in the incidence of disease [28]. Since, the PARISK study only found a relation
between recurrent stroke and IPH and total plaque volume, the vulnerability of plaques
with a LRNC warrants further research. Additionally, the role of sex on the risk for
individual plaque characteristics lies out of the scope of this sub-study, but has previously
been investigated [29].

Future research should determine if the found association is useful in further risk
determination. Additionally, the PARISK study could be used to determine the recurrent
stroke risk on the basis of multiple vulnerable plaque characteristics in the form of a new
risk model for ICAS. Next to these analyses, a new prospective study should be set up in
which patients have blood drawn at pre-specified moments within the (sub-)acute setting
(for example on the emergency department, 24 h, three days, one week and two weeks
after admission), preferably with the leukocyte differential count, instead of the general
leukocyte count that was used in this study. Several studies showed the usefulness of
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using ratios between some of the components of the differential count. For example, the
value of the neutrophil-to-lymphocyte ratio was investigated for predicting the presence
of carotid atherosclerosis [30]. This use seems impractical since most patients receive
carotid imaging quickly, either during presentation at the emergency department or in
the upcoming days, but it could be seen as indirect evidence of the importance of the
inflammatory reaction inside the carotid vessel wall. This could be helpful in the initiation
of future studies into the treatment of the inflammatory reaction in atherosclerosis.
Besides this, the leukocyte differential count has been evaluated for use in predicting
outcomes of cardiovascular events, both stroke and myocardial infarction [31,32].
Additionally, a Chinese cohort study showed that borderline elevated cholesterol with a
stable or increasing trend has a higher risk for ICAS compared to patients with normal
cholesterol levels. This raises the question of whether the limit for cholesterol should be
lowered, but first this deserves attention in a clinical setting [33]. Recent research
presented a risk model based upon the histological features of endarterectomy samples
obtained during surgery, and they were able to show an association between a high score
in their risk model and symptomatic ICAS. Whether such a model is feasible in clinical
practice should be investigated in future research [34]. Finally, a future prospective study
should, next to the leukocyte differential count and other inflammatory biomarkers, at
least include carotid MRI and ideally one or several forms of imaging parameters that
could detect plaque inflammation, in particular positron emission tomography (PET) CT
or dynamic contrast enhanced (DCE-)MRI. The need for more research into plaque
vulnerability through these new techniques was recently stressed in a review by Wang et
al. [35]. For future research into dynamic MRI techniques, the assistance of deep learning
methods has been suggested to aid the determination of plaque vulnerability [36]. Recent
research from South Korea showed the presence of IPH in ICAS and in the intra-cerebral
circulation, but with quite different prevalence (61.9% vs. 21.4%/16.7, proximal internal
carotid vs. basilar/middle cerebral artery). In addition, they showed that progression of
IPH was related with progression of the plaque. This could be meaningful in predicting
individual plaque risks [37]. In that way, we could learn more on plaque inflammation in
relation to time and over different locations throughout the arterial vasculature. It seems
valuable to assess the course of the investigated potential biomarkers over time as well.

5. Conclusions

In conclusion, this study showed the independent inverse association between the
leukocyte count, as determined within fourteen days of the ischemic event on MRI, and
the lipid-rich necrotic core. Future research projects should aim at the identification of
more (inflammatory) blood biomarkers for both the presence of vulnerable plaque
characteristics as well as recurrent stroke in patients with ICAS. This could increase the
speed in risk determination and potentially decrease the time until revascularization and
so decrease the recurrent stroke risk. Additionally, the assessment of biomarkers could be
less expensive than MRI. A future study with both the leukocyte differential count and
inflammatory imaging is highly desired to aid in better risk prediction in ICAS patients.

Author Contributions: Conceptualization, T.J.v.V,, ].S. and P.J.N.; Methodology, T.J.v.V,, ].S. and
P.J.N.; Writing—original draft, T.J.v.V.; Writing—review & editing, J.S., D.v.D.-N., MK,, J.H,,
M.E.K,, D.B. and P.J.N. All authors have read and agreed to the published version of the manuscript.

Funding: PARISK was performed in the context of the Center for Translational Molecular Medicine
project PARISK (Plaque At RISK; grant 01C-202) and the Dutch Heart Foundation (grant DHF2008-
T094). TJvV and PJN are supported by the Netherlands Organisation of Scientific Research (ZonMw;
project number 843004107).

Institutional Review Board Statement: Written informed consent from each patient or
representative, and ethics approval by the Dutch ethics committee on research on humans, were
obtained through Medisch Ethische Toetsings Commissie of the participating centers. The study
protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki.



J. Clin. Med. 2023, 12, 1370 10 of 12

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Conflicts of Interest: The authors report no conflicts of interests and declare that the research was
conducted in the absence of any commercial or financial relationships that could be construed as a
potential competing interests.

Abbreviations
BMI Body Mass Index
CI Confidence interval
CANTOS Canakinumab Anti-Inflammatory Thrombosis Outcomes Study
CONVINCE COlchiciNe for prevention of Vascular Inflammation in Non-CardioEmbolic
stroke
DCE Dynamic contrast enhanced
ECST European Carotid Surgery Trial
HR Hazard ratio
ICAS Internal carotid artery stenosis
IPH Intra-plaque hemorrhage
IQR Inter quartile range
LRNC Lipid-rich-necrotic core
MDCTA Multi detector computed tomographic angiography
NIHSS NIH Stroke Scale scores
PARISK Plaque At RISK
PET Positron emission tomography
TIA Transient ischemic attack
TRFC Thin or ruptured fibrous cap
References
1.  van Velzen, T.J.; Kuhrij, L.S.; Westendorp, W.F.; van de Beek, D.; Nederkoorn, P.]. Prevalence, predictors and outcome of carotid

10.

stenosis: A sub study in the Preventive Antibiotics in Stroke Study (PASS). BMC Neurol. 2021, 21, 20.
https://doi.org/10.1186/s12883-020-02032-4.

Lovett, ].K.; Coull, A.J.; Rothwell, P.M. Early risk of recurrence by subtype of ischemic stroke in population-based incidence
studies. Neurology 2004, 62, 569-573.

Liem, M.I; Kennedy, F.; Bonati, L.H.; van der Lugt, A.; Coolen, B.F.; Nederveen, A.].; Jager, H.R.; Brown, M.M.; Nederkoorn,
P.J. Investigations of Carotid Stenosis to Identify Vulnerable Atherosclerotic Plaque and Determine Individual Stroke Risk. Circ.
J. Off. ]. Jpn. Circ. Soc. 2017, 81, 1246-1253. https://doi.org/10.1253/circj.CJ-16-1284.

Bos, D.; Arshi, B.; van den Bouwhuijsen, Q.J.A.; Ikram, M.K.; Selwaness, M.; Vernooij, M.W.; Kavousi, M.; van der Lugt, A.
Atherosclerotic Carotid Plaque Composition and Incident Stroke and Coronary Events. . Am. Coll. Cardiol. 2021, 77, 1426-1435.
https://doi.org/10.1016/j.jacc.2021.01.038.

Schindler, A.; Schinner, R.; Altaf, N.; Hosseini, A.A.; Simpson, R.J.; Esposito-Bauer, L.; Singh, N.; Kwee, RM.; Kurosaki, Y.;
Yamagata, S.; et al. Prediction of Stroke Risk by Detection of Hemorrhage in Carotid Plaques: Meta-Analysis of Individual
Patient Data. JACC Cardiovasc. Imaging 2020, 13, 395-406. https://doi.org/10.1016/j.jcmg.2019.03.028.

Kan, Y.; He, W.; Ning, B.; Li, H.; Wei, S.; Yu, T. The correlation between calcification in carotid plaque and stroke: Calcification
may be a risk factor for stroke. Int. |. Clin. Exp. Pathol. 2019, 12, 750-758.

Hansson, G.K;; Libby, P. The immune response in atherosclerosis: A double-edged sword. Nat. Rev. Immunol. 2006, 6, 508-519.
https://doi.org/10.1038/nri1882.

Niculescu, R.; Russu, E.; Arbanasi, E.M.; Kaller, R.; Arbanasi, E.M.; Melinte, R.M.; Cosarca, C.M.; Cocuz, 1.G.; Sabau, A.H.; Tinca,
A.C,; et al. Carotid Plaque Features and Inflammatory Biomarkers as Predictors of Restenosis and Mortality Following Carotid
Endarterectomy. Int. J. Environ. Res. Public Health 2022, 19, 13934.

Wang, P.; Zheng, L.; Qiao, M.; Zhao, T.; Zhang, R.; Dong, H. A Single-Cell Atlas of the Atherosclerotic Plaque in the Femoral
Artery and the Heterogeneity in Macrophage Subtypes between Carotid and Femoral Atherosclerosis. J. Cardiovasc. Dev. Dis.
2022, 9, 465.

Truijman, M.T.; Kooi, M.E.; van Dijk, A.C.; de Rotte, A.A.; van der Kolk, A.G.; Liem, M.L; Schreuder, F.H.; Boersma, E.; Mess,
W.H.; van Oostenbrugge, R.J.; et al. Plaque At RISK (PARISK): Prospective multicenter study to improve diagnosis of high-risk
carotid plaques. Int. . Stroke 2014, 9, 747-754. https://doi.org/10.1111/ijs.12167.



J. Clin. Med. 2023, 12, 1370 11 of 12

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

van Dam-Nolen, D.H.K,; Truijman, M.T.B.; van der Kolk, A.G.; Liem, M.L; Schreuder, F.; Boersma, E.; Daemen, M.; Mess, W.H.;
van Oostenbrugge, R.J.; van der Steen, A.F.W.; et al. Carotid Plaque Characteristics Predict Recurrent Ischemic Stroke and TIA:
The PARISK (Plaque At RISK) Study. JACC Cardiovasc. Imaging 2022, 15, 1715-1726. https://doi.org/10.1016/j.jcmg.2022.04.003.
van Dam-Nolen, D.H.K; van Dijk, A.C.; Crombag, G.; Lucci, C.; Kooi, M.E.; Hendrikse, J.; Nederkoorn, P.J.; Daemen, M.; van
der Steen, A.F.W.; Koudstaal, P.J.; et al. Lipoprotein(a) levels and atherosclerotic plaque characteristics in the carotid artery: The
Plaque at RISK (PARISK) study. Atherosclerosis 2021, 329, 22-29. https://doi.org/10.1016/j.atherosclerosis.2021.06.004.

Gupta, A.; Baradaran, H.; Schweitzer, A.D.; Kamel, H.; Pandya, A.; Delgado, D.; Dunning, A.; Mushlin, A.L; Sanelli, P.C. Carotid
plaque MRI and stroke risk: A systematic review and meta-analysis. Stroke 2013, 44, 3071-3077.
https://doi.org/10.1161/STROKEAHA.113.002551.

Tardif, ].C.; Kouz, S.; Waters, D.D.; Bertrand, O.F.; Diaz, R.; Maggioni, A.P.; Pinto, F.J.; Ibrahim, R.; Gamra, H.; Kiwan, G.S,; et
al. Efficacy and Safety of Low-Dose Colchicine after Myocardial Infarction. N. Engl. J. Med. 2019, 381, 2497-2505.
https://doi.org/10.1056/NEJMo0a1912388.

Ridker, P.M.; Everett, B.M.; Thuren, T.; MacFadyen, ].G.; Chang, W.H.; Ballantyne, C.; Fonseca, F.; Nicolau, J.; Koenig, W.;
Anker, S.D.; et al. Antiinflammatory Therapy with Canakinumab for Atherosclerotic Disease. N. Engl. J. Med. 2017, 377, 1119-
1131. https://doi.org/10.1056/NE]JMoal707914.

Nidorf, S.M.; Fiolet, A.T.L.; Mosterd, A.; Eikelboom, J.W.; Schut, A.; Opstal, T.S.J.; The, SHK.; Xu, X.F.; Ireland, M.A ;
Lenderink, T.; et al. Colchicine in Patients with Chronic Coronary Disease. N. Engl. ]. Med. 2020, 383, 1838-1847.
https://doi.org/10.1056/NEJM0a2021372.

Kelly, P.J.; Murphy, S.; Coveney, S.; Purroy, F.; Lemmens, R.; Tsivgoulis, G.; Price, C. Anti-inflammatory approaches to
ischaemic stroke prevention. |. Neurol. Neurosurg. Psychiatry 2018, 89, 211-218. https://doi.org/10.1136/jnnp-2016-314817.
Nieddu, G.; Michelucci, E.; Formato, M.; Ciampelli, C.; Obino, G.; Signore, G.; Di Giorgi, N.; Rocchiccioli, S.; Lepedda, A.J.
Molecular Characterization of Plasma HDL, LDL, and VLDL Lipids Cargos from Atherosclerotic Patients with Advanced
Carotid Lesions: A Preliminary Report. Int. ]. Mol. Sci. 2022, 23, 12449.

Fani, L.; van Dam-Nolen, D.HK.; Vernooij, M.; Kavousi, M.; van der Lugt, A.; Bos, D. Circulatory markers of immunity and
carotid atherosclerotic plaque. Atherosclerosis 2021, 325, 69-74. https://doi.org/10.1016/j.atherosclerosis.2021.03.040.

Brinjikji, W.; Huston, J., 3rd; Rabinstein, A.A.; Kim, G.M.; Lerman, A.; Lanzino, G. Contemporary carotid imaging: From degree
of stenosis to plaque vulnerability. J. Neurosurg. 2016, 124, 27-42. https://doi.org/10.3171/2015.1.J]NS142452.

Yang, J.; Yang, H.; Cao, L.; Li, S. MR and Targeted Molecular MRI of Vulnerable Plaques. Interv. Neurol. 2013, 1, 124-131.
https://doi.org/10.1159/000346767.

Lukanova, D.V.; Nikolov, N.K.; Genova, K.Z.; Stankev, M.D.; Georgieva, E.V. The Accuracy of Noninvasive Imaging
Techniques in Diagnosis of Carotid Plaque Morphology. Open Access Maced. ]. Med. Sci. 2015, 3, 224-230.
https://doi.org/10.3889/0amjms.2015.039.

Barnett, H.J.M.; Taylor, D.W.; Haynes, R.B.; Sackett, D.L.; Peerless, S.J.; Ferguson, G.G.; Fox, A.].; Rankin, R.N.; Hachinski, V.C.;
Wiebers, D.O.; et al. Beneficial effect of carotid endarterectomy in symptomatic patients with high-grade carotid stenosis. N.
Engl. ]. Med. 1991, 325, 445-453. https://doi.org/10.1056/nejm199108153250701.

Randomised trial of endarterectomy for recently symptomatic carotid stenosis: Final results of the MRC European Carotid
Surgery Trial (ECST). Lancet 1998, 351, 1379-1387.

Voskuhl, R. Sex differences in autoimmune diseases. Biol. Sex Differ. 2011, 2, 1. https://doi.org/10.1186/2042-6410-2-1.

Peters, S.A.E.; Muntner, P.; Woodward, M. Sex Differences in the Prevalence of, and Trends in, Cardiovascular Risk Factors,
Treatment, and Control in the United States, 2001 to 2016. Circulation 2019, 139, 1025-1035.
https://doi.org/10.1161/circulationaha.118.035550.

van Dam-Nolen, D.HK,; van Egmond, N.C.M.; Koudstaal, P.J.; van der Lugt, A.; Bos, D. Sex Differences in Carotid
Atherosclerosis: A Systematic Review and Meta-Analysis. Stroke 2023, 54, 315-326. https://doi.org/10.1161/strokeaha.122.041046.
Ueda, K.; Fukuma, N.; Adachi, Y.; Numata, G.; Tokiwa, H.; Toyoda, M.; Otani, A.; Hashimoto, M.; Liu, P.Y.; Takimoto, E. Sex
Differences and Regulatory Actions of Estrogen in Cardiovascular System. Front. Physiol. 2021, 12, 738218.
https://doi.org/10.3389/fphys.2021.738218.

van Dam-Nolen, D.HK.; van Egmond, N.C.M.; Dilba, K.; Nies, K.; van der Kolk, A.G.; Liem, M.I.; Kooi, M.E.; Hendrikse, J.;
Nederkoorn, P.J.; Koudstaal, P.J.; et al. Sex Differences in Plaque Composition and Morphology Among Symptomatic Patients
With Mild-to-Moderate Carotid Artery Stenosis. Stroke 2022, 53, 370-378. https://doi.org/10.1161/strokeaha.121.036564.
Corriere, T.; Di Marca, S.; Cataudella, E.; Pulvirenti, A.; Alaimo, S.; Stancanelli, B.; Malatino, L. Neutrophil-to-Lymphocyte Ratio
is a strong predictor of atherosclerotic carotid plaques in older adults. Nutr. Metab. Carbiovasc. Dis. 2018, 28, 23-27.
https://doi.org/10.1016/j.numecd.2017.10.022.

Ren, H.; Liu, X,; Wang, L.; Gao, Y. Lymphocyte-to-Monocyte Ratio: A Novel Predictor of the Prognosis of Acute Ischemic Stroke.
J. Stroke Cerebrovasc. Dis. 2017, 26, 2595-2602. https://doi.org/10.1016/j.jstrokecerebrovasdis.2017.06.019.

Park, M.G.; Kim, M.K,; Chae, S.H.; Kim, HK.; Han, J.; Park, K.P. Lymphocyte-to-monocyte ratio on day 7 is associated with
outcomes in acute ischemic stroke. Neurol. Sci. 2018, 39, 243-249. https://doi.org/10.1007/s10072-017-3163-7.

Yu, H; Li, Y,; Tao, L,; Yang, L.; Liu, D.; Wang, Y.; Hao, X.; He, H.; Che, Y.; Wang, P.; et al. Trajectories of Lipid Profile and Risk
of Carotid Atherosclerosis Progression: A Longitudinal Cohort Study. Nutrients 2022, 14, 3243.

Butcovan, D.; Mocanu, V.; Enache, M.; Ioan, B.G.; Tinica, G. A Plaque Instability Index Calculated by Histological Marker
Analysis of the Endarterectomy Carotid Artery. Appl. Sci. 2022, 12, 8040.



J. Clin. Med. 2023, 12, 1370 12 of 12

35. Wang, Y,; Wang, T.; Luo, Y,; Jiao, L. Identification Markers of Carotid Vulnerable Plaques: An Update. Biomolecules 2022, 12,
1192.

36. Han, N; Ma, Y,; Li, Y,; Zheng, Y.; Wu, C; Gan, T,; Li, M.; Ma, L.; Zhang, ]J. Imaging and Hemodynamic Characteristics of
Vulnerable Carotid Plaques and Artificial Intelligence Applications in Plaque Classification and Segmentation. Brain Sci. 2023,
13, 143.

37. Baek, M.S.; Lee, KH.; Cho, S.Y.; Im, Y.-J.; Shin, B.-S.; Kang, H.G. Changes of Atherosclerotic Plaque in Cerebral Artery Stenosis
According to High-Resolution MR Imaging. Tomography 2022, 8, 1690-1701.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury
to people or property resulting from any ideas, methods, instructions or products referred to in the content.



